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ABSTRACT 
The reactivity of highly crystalline hcp cobalt nanorods (NRs) with organic solvents at high 
temperature was studied. Cobalt NRs with a mean diameter of 15 nm were first synthesized by the 
polyol process and then heated at 300 °C in octadecene (ODE), oleylamine (OA) or mixtures of these 
two solvents. The surface and structural modifications of the Co NRs were characterized by Raman 
spectroscopy, X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and scanning and 
transmission electron microscopy (SEM and TEM). A disordered carbon shell was formed at the 
cobalt rod surface, the thickness of which can be tuned from 5 to 25 nm by increasing the amount of 
oleylamine in the solvent mixture. This carbon shell partially reduced the native cobalt oxide observed 
at the surface of the NRs and drastically improved their temperature stability as inferred from in-situ 
XRD study and TEM. The shape anisotropy and the crystallite anisotropy of the hcp phase are both 
preserved up to 400 °C for the carbon coated cobalt rods whereas the uncoated NRs lose their 
anisotropy at 225 °C. Treatments at 300 °C in ODE/OA mixtures for different durations allowed the 
progressive carburization of Co to Co2C. The crystallographic orientation of the Co2C grains within 
the cobalt NRs combined with the different carbon shell thickness on the {1010} and (0001) facets of 
the rods suggested a preferential carburization from the lateral facets of the hcp cobalt rods.  
 3 
Introduction 
The high saturation magnetization of the metal magnetic nanoparticles (NPs) makes them 
particularly interesting for several applications. However, Fe, Co and FeCo NPs require, for 
biomedical applications to increase their stability toward oxidation and to make them 
biocompatible.
1,2
 The growth of a carbon shell can address this issue
3
; it can also strongly 
improve their thermal stability
4,5
 and open wider possibilities such as covalent grafting of 
organic groups or biomolecules that add new functions to the magnetic particles.
6,7
 
Different routes for carbon encapsulated cobalt and iron particles have been described like 
carbon arc process
3, 8, 9, 10
 or chemical vapour deposition.
1,11,12,13,14
 In these methods the cobalt 
precursors were either ultrafine cobalt oxide powder or organometallic precursors, the cobalt 
particles were formed at high temperature and therefore exhibit a spherical shape and 
generally the fcc structure. Amorphous cobalt cores surrounded by a carbon shell were 
produced by laser ablation of a cobalt target immersed in toluene
15
 or by decomposition of 
metallocene powders under a laser beam.
16
 Sonochemical decomposition of Fe(CO)5 in high 
boiling point aromatic solvent
17
 and thermal decomposition of iron stearate
18
 at 900 °C are 
other examples of one-pot reaction that produced air stable carbon encapsulated Fe and Fe3C 
nanocrystals with high yield. Methods were also developed to coat with a carbon shell 
monodisperse Co NPs first prepared by wet chemistry. The principle in that case was to carry 
out a pyrolysis of the organic molecules (surfactants or polymers) anchored at the particle 
surface. Stable encapsulated cobalt particles were obtained with temperature pyrolysis in the 
range 700-1000 °C.
19,20
 Milder conditions were found using an aqueous solution of glucose 
that allowed a carbon coating of cobalt nanostructures by a treatment at 160 °C in 
hydrothermal conditions.
21
 
The magnetic nanorods (NRs) and nanowires (NWs) exhibit peculiar properties because of 
their high magnetic anisotropy. Elongated magnetic objects find applications in composite 
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materials
22
 or as biosensors.
23
 Coercivity higher than 6 kOe were measured on cobalt 
nanorods (NRs) and nanowires (NWs) synthesized by the polyol proces
24
 or by 
organometallic chemistry.
25
 Composite materials of well aligned cobalt wires are expected to 
exhibit high (BH)max values.
26
 Nevertheless we showed recently that the thermal stability of 
the cobalt rods prepared by the polyol process in powder form was limited to 225 °C.
27
 Above 
this temperature the sintering of the rod irreversibly altered their magnetic properties.
27
 In situ 
transmission electron microscopy experiments demonstrated that a controlled encapsulation in 
a C shell of Ge
28
 and Co
4
 nanowires at moderate temperatures increased their thermal 
stability. Following this idea our goal was to develop a simple method to coat cobalt rods 
prepared by the polyol process with a thin carbon shell in order to improve their thermal 
stability. All the methods consisting in the decomposition of a carbon precursor requiring high 
temperature were not suited for the coating of hcp cobalt particles due to the phase 
transformation of hcp toward fcc occurring at 450 °C.   
In this article we examine the possibility to coat cobalt NRs with a carbon shell thanks to the 
decomposition of high boiling organic solvents at 300 °C and we report on the thermal 
stability of these carbon coated Co NRs. We show that a carburization of cobalt can occur 
depending on the experimental conditions and that these nanorods are also model materials to 
study how C atoms incorporate in the Co hcp structure to form the cobalt carbide Co2C. 
 
 
 Experimental Methods 
Synthesis and coating of Co nanorods 
Sodium hydroxide was purchased from VWR, ruthenium chloride hydrate (RuCl3, x H2O) and 
1,2 butanediol from Fluka, cobalt acetate tetra hydrate and octadecene (ODE) from Alfa 
Aesar, lauric acid and oleylamine (OA) from Acros.  
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Cobalt nanorods were synthesized by reduction of cobalt laurate in a basic solution of 1,2 
butanediol according to a procedure previously published.
24
 Cobalt laurate (0.08 M) was 
dispersed in a sodium hydroxide solution (0.08M) of 1,2 butanediol containing ruthenium 
chloride (2.10
-3
 M). The suspension was heated up to 175 °C and this temperature was 
maintained for 30 min after the solution turned to black indicating the cobalt reduction. The 
cobalt particles were recovered by centrifugation and washed twice with absolute ethanol. The 
cobalt rods were characterized by X-ray diffraction and electron microscopy. 
The cobalt nanorods were dispersed and heated in a high boiling point organic solvent in 
order to provoke the solvent decomposition at the surface of NRs. Two different solvents 
were studied: ODE and OA. Suspensions of cobalt rods in ODE, OA, or a mixture of these 
two solvents were heated at 180 °C for 30 min under a flux of argon to ensure the complete 
evaporation of ethanol, and then at 300 °C under Ar atmosphere for a time varying between 
30 min to 4h. The treated particles were characterized by Raman spectroscopy, X-ray 
diffraction, electron microscopy and magnetometry. 
 
Characterizations 
Raman spectra were obtained at room temperature with a Dilor XY microspectrometer 
equipped with a 1024  256 pixel thermoelectrically cooled Jobin-Yvon CCD detector using 
an excitation line at 514.5 nm from a Spectra Physics Model 165 argon ion laser (power: 150 
µW). The carbon and hydrogen mass fractions in the samples were determined using a Flash 
2000 Organic Elemental Analyzer from Thermo. Transmission electron microscopy (TEM) 
characterizations were performed using a Jeol 1400 microscope operating at 120 kV. High 
resolution transmission electron microscopy (HRTEM) images were obtained with a Tecnai 
F20 (200 kV) instrument equipped with a spherical aberration corrector. Scanning electron 
microscopy (SEM) was performed using a Zeiss SUPRA 40 FESEM controlled by a 
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computer workstation. The electron source is a thermal field emission gun (Schottky type). 
Images are created using the SMARTSEM software. X-Ray Diffraction (XRD) patterns 
obtained using Co K radiation (λ = 1.7889 Å) were recorded on a PANalytical X’Pert Pro 
diffractometer equipped with an X’celerator detector in the range 20-100 ° with a 0.067 ° step 
size and 150 s per step. In order to follow the structural evolution of the carbon cobalt 
nanorods with temperature, in-situ thermal treatments were realized in the range 25-500 °C 
under a nitrogen atmosphere (N2 Alphagaz 1 : O2 < 2 ppm or N2 Alphagaz 2 : O2 < 0.1 ppm) 
using a HTK 1200N high-temperature X-ray diffraction chamber from Anton Paar. The 
samples were heated inside the high temperature X-ray diffraction chamber from room 
temperature to the final temperature using a 5 K·min
1
 rate and maintained for 2 h at the final 
temperature prior to the acquisition of the X-ray diffraction pattern. X-ray photoelectron 
spectroscopy (XPS) signals were recorded using a Thermo VG ESCALAB 250 system 
equipped with a micro-focused, monochromatic Al K X-ray source (1486.6 eV) and a 
magnetic lens which increases the electron acceptance angle and hence the sensitivity. A 650 
µm sized X-ray beam was used at a power of 200 W (15 kV). The samples were fixed on 
sample holder using conductive double-sided tape and outgassed in the fast entry lock 
chamber at 1x10
-7
 mbar. The spectra were acquired in the constant analyser energy mode, 
with a pass energy of 100 and 40 eV for the survey and the narrow regions, respectively. 
Charge compensation was achieved with an electron flood gun for insulating samples. The 
energy and emission current of the electrons were 4 eV and 0.15 to 0.20 mA, respectively. 
Avantage software, version 4.67, was used for data digital acquisition and processing. The 
peak binding energy positions were calibrated by setting the C1s component due to 
hydrocarbon contamination at 285 eV. Magnetic measurements were performed using a 
Quantum Design MPMS-5S SQUID magnetometer. 
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Results and Discussion 
A. Carbon coated cobalt nanorods  
Chemical analysis revealed that the carbon mass fraction in the cobalt rod samples increased 
from 3.8% to 23.4% after a chemical treatment of 3h in ODE at 300 °C, while the hydrogen 
mass fraction increased from 0.85% to 1.5%. The Raman spectra of the cobalt rods heated 
either in ODE or OA at 300 °C exhibit two bands at 1340 and 1600 cm
-1
 indexed as the D and 
G bands of a disordered carbon, respectively (Figure 1). The G band corresponds to the sp
2
 C 
while D band is related to the presence of sp
3
 C and reveals the presence of structural defaults. 
The intensity ratio ID/IG is a good indicator of the disorder in the carbon layer.
29
 In this study 
the ID/IG ratio varies in the range 0.67 – 0.8 depending on the nature of the organic solvent in 
which the cobalt rods have been treated, the carbon obtained with the treatment in ODE being 
less disordered (Figure 1). Note that the D and G bands of the carbon can only be observed on 
the Raman spectra for a low laser power. For higher laser power, the D and G bands vanish 
and four bands at 190, 470, 510 and 690 cm
-1
 attributed to Co3O4 appear. This is explained by 
the fact that the carbon coating may be burnt off when irradiated in air with a high laser 
power. In such case the Raman spectrum of “naked” hence readily oxidized cobalt rods is 
then retrieved.  
The scanning electron microscope images show that the cobalt rods treated in ODE at 300 °C 
for 3h preserve their anisotropic shape but undergo a surface modification (Figure 2a). The 
transmission electron microscopy images show a thin carbon shell around the cobalt rods 
(Figure 2b) with a thickness of about 4 nm. HRTEM images show that this shell exhibits 
locally an onion structure with a distance in the range 3.4-3.5 Å (Figure 2c). 
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X-ray photoelectron spectroscopy was performed on cobalt rods treated at 300 °C for 3h in 
ODE and on the raw cobalt rods as reference. The main peaks observed in the survey scans of 
the two samples are C 1s, O 1s and Co 2p peaks centered at ca. 285, 530 and 778-800 eV, 
respectively (Figure 3a). For the treated rods the C 1s peak intensity increases and becomes 
much higher than the O 1s peak. This can be interpreted by the deposition of a continuous 
carbon shell around the rods in good agreement with the TEM images. The Co 2p3/2 and 2p1/2 
high resolution spectra were fitted with three components corresponding to Co(0), Co(II) and 
the shake-up (satellites) peaks (Figure 3b). Both for the raw Co NRs and for the NRs treated 
at 300 °C the first peak maximum was found at 778.2 eV which is consistent with the Co 2p3/2 
binding energy of Co in a zerovalent state.
30
 The second peak exhibited a maximum at 781.2 
eV and 780.6 eV for the raw Co NRs and for the NRs treated at 300 °C, respectively. This 
peak is attributed to Co in a 2+ valence state in agreement with the Co 2p3/2 binding energy 
of Co(OH)2 and CoO that are generally given in the ranges 781-782 eV and 780-780.9 eV, 
respectively.
30 The Co(0)/[Co(0)+Co(II)] surface ratio was determined from the integrated 
peak areas. This ratio was 6% in the raw Co NRs. The main contribution of the Co(II) is well 
explained by the existence of a thin CoO layer at the surface of the rods that screens the cobalt 
metal.
31
 In the carbon coated Co NRs the Co(0)/[Co(0)+Co(II)] ratio increased to 17 %. This 
increasing amount of the Co(0) contribution shows that the chemical reaction at the cobalt 
surface that leads to a carbon coating also partially reduces the cobalt oxide layer. The small 
energy shift of the Co(II) contribution from 781.2 eV to 780.6 eV observed with the carbon 
coating can be interpreted by the elimination of the hydroxyl and carboxylate groups at 300°C  
in favour of CoO.  
It is well established that the cobalt NRs crystallize with the hcp structure with the 
crystallographic c axis parallel to the long axis of the rods.
24
 The zone axis of the cobalt wire 
in figure 2c is [11 2 0] which means that the long axis of the rods is parallel to the [0002] 
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direction. The crystallite anisotropy is also inferred from the XRD pattern. The two mean 
crystallite sizes L(1010) and L(0002), calculated from the broadening of the Co hcp (1010) and 
(0002) lines, respectively, are found much different from each other due to the anisotropy of 
the crystallite. The mean crystallite size L(1010) is almost the rod diameter showing a good 
crystallinity in the diameter while the mean crystallite size L(0002) is found much lower than 
the rod length maybe due to stacking faults as it was already observed in several examples of 
raw cobalt rods prepared by the polyol process.
24
 
The cobalt rod structure remains unchanged with the treatment in pure ODE for 3h, the XRD 
pattern is indexed as pure cobalt with the hcp structure (Figure 4a). We must note that the line 
corresponding to the carbon graphite at 3.5Å is not visible on the XRD pattern of the carbon 
coated Co NRs. This can be explained by a very disordered carbon shell with small 
crystallites leading to very broad peaks that are not easily detected on the XRD pattern. The 
mean crystallite sizes L(1010) and L(0002) were found 12 nm and 38 nm, respectively. These 
values are similar to those measured in the raw Co NRs pattern, showing that the treatment of 
the cobalt rods at 300 °C in ODE for 3h did not modify the crystallite anisotropy.  
 
B. Transformation to cobalt carbide 
Treatments of the cobalt rods at high temperature in ODE/OA mixtures may induce a more 
dramatic modification of the rod morphology and structure. The XRD patterns of the rods 
treated in the ODE/OA mixture for different durations are given on Figure 4b-c. These 
patterns exhibit additional lines attributed to the cobalt carbide Co2C.
32
 The (111) peak of the 
orthorhombic Co2C (d111 = 2.12 Å ; 2 = 49.9 °) appears first (Figure 4b). For a longer 
treatment the (020), (002), and (021) peaks at the distances d020 = 2.22 Å (2 = 47.45 °), d002 
= 2.185 Å (2 = 48.3 °) and d021 = 1.98 Å (2 = 53.7 °) are clearly seen on the pattern (Figure 
4c). After a treatment of 4h at 300 °C in the ODE/OA mixture, the Co metal lines totally 
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disappeared and the compound consisted in a pure cobalt carbide powder (Figure 4d). It is 
well known that fine cobalt powders are sensitive to carburization when they are prepared in 
an organic solvent at high temperature.
33 , 34 , 35
 The carburization of cobalt can give two 
different carbides, Co3C and Co2C.
33
 In these experiments Co3C was never observed: the 
carburization of the hcp cobalt NRs leading only to Co2C. Figure 5 presents TEM images of 
cobalt rods treated in ODE/OA mixtures. The partially carburized cobalt rods obtained after 
3h at 300 °C are coated by a thicker carbon layer than in ODE, with a thickness in the range 
9-23 nm and a mean value of 16 nm (Figure 5a). The rods still exhibit an anisotropic shape 
but their surfaces are rough. It is noteworthy that the carbon shell is much thinner at the rod 
tips (Figure 5a). HRTEM studies of the partially carburized rods treated 3h at 300 °C revealed 
that the same rod can contain Co2C grains inserted in the Co hcp phase (Figure 6). The 
diffraction pattern calculated from the HRTEM image of the Co grain was indexed as the 
[11 2 0] zone axis of the hcp structure showing that the c axis is parallel to the rod axis. The 
diffraction pattern calculated from the HRTEM image of the Co2C grain was indexed as the 
[100] zone axis of the expected orthorhombic structure (Figure 6). The crystallographic 
orientation relationships between the carbide and the metal are [100]Co2C||[11 2 0]Cohcp and 
(001)Co2C||(0001)Cohcp. The angle between the [001] direction of Co2C and the [0001] 
direction of the hcp Co is less than 2° showing a very small mismatch. The same 
crystallographic relationship was reported by Nagakura on Co/CoxC thin films.
36
  
When the Co to Co2C carburization was complete after an extended treatment, the particles 
were no longer anisotropic but consisted in isotropic particles with a size in the range 9-25 nm 
and a mean size of 15 nm (Figure 5b). These particles are organized in chains embedded in a 
carbonaceous coating. All the chains have more or less the same diameter (40-50 nm) 
evidencing the initial anisotropic cobalt particles. 
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C. High temperature properties of carbon coated cobalt nanorods 
The high temperature in-situ X-ray diffraction (HT XRD) patterns under a N2 atmosphere 
with O2 concentration < 2 ppm of Co NRs coated with a thin carbon layer showed that the hcp 
structure is preserved for temperature up to 400 °C (Figure 7a). At 450 °C the hcp to fcc 
phase transformation occurs as predicted by the phase diagram of bulk cobalt. The formation 
of the fcc phase is clearly seen with the (200) peak, d200 = 1.77 Å (2 = 60.6°). In the 
temperature range 100-250 °C there is also the growth of the (111) and (200) fcc cobalt oxide 
CoO lines, d111 = 2.46 Å (2 = 42.6°) and d200 = 2.13 Å (2 = 49.65°), that corresponds to the 
crystallization of the native oxide layer. Above 250 °C the CoO lines vanish because of the 
reduction of the cobalt oxide layer by the carbonaceous matter at the particle surface. No trace 
of re-oxidation of the Co NRs was observed in the temperature range studied. The behaviour 
of the non coated Co NRs at high temperature under the same atmosphere was very different. 
At 250°C the (220) line of Co3O4 (d = 2.86 Å, 2 = 36.5 °) appeared. At 350 °C the pattern is 
indexed as a mixture of hcp Co, CoO and Co3O4 (Figure 7b). Even if the O2 content in the 
nitrogen atmosphere is small the non coated rods were irreversibly oxidized above this 
temperature contrarily to the carbon coated rods.  
The mean crystallite sizes L(1010) and L(0002) of the carbon coated Co NRs were calculated 
using the Scherrer formula and plotted as a function of the annealing temperature (Figure 7c). 
The L(10 1 0) value is almost constant all over the temperature range 25-400 °C. A small 
increase is observed at 300 °C concomitant with the CoO elimination. This can be interpreted 
as the increase of the metal diameter due to the reduction of the native oxide layer. The L(0002) 
at 400 °C is 36 nm, very close to the RT value (Figure 7c) which means that the anisotropy of 
the hcp crystallite is retained up to 400 °C. At 450 °C both L(1010) and L(0002) strongly increase 
showing that the rod morphology is definitively lost due to the phase transition hcp to fcc. The 
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L(0002) variation in the intermediate range of annealing temperature is more difficult to 
interpret. L(0002) decreases progressively up to 250 °C and then increases suddenly to reaches 
at 300 °C the room temperature value (Figure 7c). The minimum of L(0002) corresponds to the 
maximum of oxidation. The formation of a thicker CoO layer seems to decreases the 
crystallographic coherence length along the c axis but this decreasing is reversible.  
The high temperature in situ X-ray diffraction patterns of the partially carburized Co NRs 
coated with a thick carbon layer and annealed under a N2 atmosphere (O2 < 0.1 ppm) at 
different temperatures showed that the cobalt carbide disappears between 300 and 350 °C 
(Figure 8). The pure hcp structure is retrieved above 350 °C. No evidence of CoO 
crystallization was found in the intermediate temperature patterns in good agreement with our 
previous observation that prolonged treatment reduces the cobalt oxide native layer. As in the 
case of the non carburized rods a textural anisotropy is preserved at 400 °C, inferred from the 
larger broadening of the (1010) line compared to the (0002) one. Nevertheless, the TEM 
images showed that the mean aspect ratio decreased after the thermal treatment at 400 °C. 
This can be interpreted by a morphological modification with the decarburization of the Co2C 
grains located within the rod. 
On the other hand the high aspect ratio of the carbon coated Co NRs free of carbide was 
preserved for annealing up to at 400 °C for 2h as inferred from TEM images (Figure 9). The 
room temperature magnetic properties of the carbon coated Co NRs were measured before 
and after the thermal treatment at 400 °C (Figure 10). In both cases the magnetization curve 
exhibits a remanence to saturation magnetization ratio of 0.5, the expected value for a powder 
in which particles are randomly oriented in the applied magnetic field. The coercivity is 
almost constant, it increases from 3500 Oe to 3600 Oe after thermal treatment. Such 
coercivity values are in good agreement with the previous ones measured on cobalt rods 
prepared by the polyol process.
24,27
 Indeed, according to the Stoner-Wolfarth model, an 
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assembly of the same Co NRs perfectly ordered parallel to the applied field should exhibit a 
coercivity value of 7000 Oe. The high magnetic anisotropy of these rods comes from the 
addition of shape anisotropy and magnetocrystalline anisotropy. This study shows that the 
carbon coating and the subsequent annealing at 400 °C do not lower the magnetic anisotropy. 
The saturation magnetization of the carbon coated Co NRs is 103 emu per gram of powder. 
This value increases to 117 emu.g
-1
 after annealing at 400 °C for 2h. This increase of 14% 
corresponds to the loss of organic matter and to the partial reduction of the CoO shell during 
the annealing process. The saturation magnetization is lower than the bulk cobalt value 
because an important amount of carbon remains after the annealing.  
 
D. Discussion 
This work shows that the decomposition of organic solvents at 300 °C is a simple route to 
coat cobalt nanorods with a thin carbon shell. The pyrolysis of polymers to produce a carbon 
coating is generally performed in a gas phase at much higher temperature. In our case, milder 
conditions were necessary to keep both the hcp structure and the anisotropic shape of the rods. 
The interest to carry out the carbon coating in a liquid phase is that individual nanorods are 
coated and remain stabilized in solution: no agglomeration was observed after coating. The 5 
nm carbon shell obtained by a treatment in ODE at 300 °C improves the thermal stability of 
the Co NRs. Indeed the carbon coated Co NRs remain unchanged even after annealing in 
powder form at 400 °C. This behaviour is very different from the one of raw cobalt NRs. A 
previous study on the high temperature stability of raw cobalt rods showed that in absence of 
a carbon coating the anisotropy was lost at 225 °C.
27
 At this annealing temperature a strong 
increase of the mean crystallite sizes L(1010) and L(0002) was observed, the crystallite lose their 
anisotropy and the TEM revealed a particle sintering. Thus, we can conclude that the thin 
carbon coating acts as an efficient barrier for the particle sintering at temperature as high as 
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400 °C and preserves the particle anisotropy. Moreover, in a slightly oxidative atmosphere the 
carbon layer can act as a sacrificial shell that preserves the cobalt core from oxidation (Figure 
7). 
It is well established that small organic molecules like carbon monoxide or ethylene can 
decompose at the surface of Fischer-Tropsch cobalt catalysts at relatively low temperature 
and form a carbon deposition, being a cause of deactivation.
37
 The carbon coating in our case 
results certainly from a mechanism similar to the carbon deposition on the Fischer-Tropsch 
cobalt catalysts.   
The thickness of the carbon shell can be varied in the range 5-20 nm, but a thick shell comes 
along with a carburization. Ping Liu et al. described the formation of Co2C nanoparticles in 
tetra ethylene glycol by a carburization of cobalt particles formed at first in the medium.
34
 Our 
study confirms that the decomposition of organic solvents at the surface of cobalt NRs is a 
source of carbon atoms that first form a carbon shell at the surface and then diffuse into the 
metal crystal to form carbide. In this study the carburization of the hcp cobalt NRs leads only 
to Co2C. The formation of Co2C is generally described as the result of the intercalation of C 
atoms in the hcp ABAB stacking of the (0001) dense planes.
34, 36, 38
 The cobalt NRs expose 
mainly {1010} crystallographic facets which is favourable to the C intercalation in the metal 
array (Figure 11). The crystallographic relationships between the hcp Co grain and the Co2C 
grain inserted in the hcp stacking inferred from the HRTEM study (Figure 6) correspond 
exactly to this mechanism. The difficulty to insert carbon from the (0001) planes and/or a 
difference in the catalytic activity for the decomposition of the organic molecules of the two 
different facets can explain why the carbon shell is much thinner at the rod tips than on the 
sides (Figure 5a). The formation of a thick carbon coating around the cobalt rods seems 
related to their ability to form a carbide. This observation reminds results reported on the 
activity of cobalt-based Fischer-Tropsch catalysts.
38
 Indeed the higher activity for CO 
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conversion in Fischer-Tropsch conditions of hcp cobalt was explained by the easiest facility 
of hcp Co particles to form carbide, the C atoms being extracted by the hydrogen to form 
hydrocarbon molecules.
38
  
 
 
Conclusion 
A simple and rapid method to encapsulate cobalt nanorods into a thin carbon layer through a 
thermal treatment in organic solvents at 300 °C has been described. This carbon shell does not 
modify the magnetic anisotropy of the cobalt rods and strongly improve their thermal stability. 
The Co@C core shell NRs that have been produced are stable up to 400 °C and are promising 
building blocks for the elaboration of anisotropic nanomaterials by consolidation experiments. 
Moreover, the growth of a carbon shell by this method opens the way to a covalent 
functionalization at the cobalt NRs surface with organic molecules and to the grafting of 
polymers that will favor the NRs dispersion into a polymeric matrix or to add new 
functionalities.  
This study has also confirmed that the (0001) and the {1010} facets of the hcp cobalt exhibit 
a different reactivity toward the C insertion and points to possible future works on the use of 
cobalt particles with well defined morphology as model Fischer-Tropsch catalysts.  
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FIGURE CAPTIONS 
Figure 1 Raman spectra of cobalt nanowires treated in an organic solvent at 300 °C for 3h : 
(a) octadecene ID/IG = 0.67; (b) oleylamine ID/IG = 0.80. 
Figure 2 (a) SEM, (b) TEM and (c) HRTEM images of cobalt rods coated with a thin carbon 
shell by a treatment in ODE at 300 °C for 3h (the circles indicate local onion structure with a 
distance in the range 3.4-3.5 Å). 
Figure 3 X-ray photon electron spectra of cobalt rods and cobalt rods coated by a thin carbon 
shell by a treatment in ODE at 300 °C for 3h: (a) survey scans ; (b) Peak fitting of Co 2p peak 
high resolution scans. 
Figure 4 XRD pattern of Co rods treated (a) in ODE for 3h and in a mixture of ODE/OA for 
(b) 30 min, (c) 3h and (d) 4h (only the Co2C strongest lines are indexed). 
Figure 5 TEM images of cobalt rods treated at 300 °C (a) for 3h in OA and (b) for 4h in a 
mixture ODE/OA. 
Figure 6 HRTEM image of a cobalt rod treated in an ODE/OA mixture at 300 °C for 3h. 
Numerical diffraction patterns of the two different zones as inset. 
Figure 7 In-situ X-ray diffraction patterns under N2 (O2 < 2 ppm) of (a) carbon coated Co 
nanorods and (b) non coated Co nanorods; (c) Variation of the L(1010) and L(0002) mean 
crystallite sizes with increasing temperature of the carbon coated Co nanorods. 
Figure 8 In situ X-ray diffraction patterns of carbon coated and partially carburized Co 
nanorods annealed under N2 (O2 < 0.1 ppm). 
Figure 9 TEM image of carbon coated Co nanorods annealed at 400 °C under N2 (O2 < 0.1 
ppm) for 2h.  
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Figure 10 Room temperature magnetization curve of carbon coated Co nanorods (black) and 
of the same coated rods annealed at 400 °C under N2 (O2 < 0.1 ppm) for 2h (red). 
Figure 11 Scheme of formation of a Co2C grain in a cobalt rod by intercalation of C atoms 
from the (1010) sides of the hcp Co.
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Figure 1 Raman spectra of cobalt nanowires treated in an organic solvent at 300 °C for 3h : 
(a) octadecene ID/IG = 0.67; (b) oleylamine ID/IG = 0.80. 
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Figure 2 (a) SEM, (b) TEM and (c) HRTEM images of cobalt rods coated with a thin carbon 
shell by a treatment in ODE at 300 °C for 3h (the circles indicate local onion structure with a 
distance in the range 3.4-3.5 Å). 
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Figure 3 X-ray photon electron spectra of cobalt rods and cobalt rods coated by a thin carbon 
shell by a treatment in ODE at 300°C for 3h: (a) survey scans ; (b) Peak fitting of Co 2p peak 
high resolution scans. 
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Figure 4 XRD pattern of Co rods treated (a) in ODE for 3h and in a mixture of ODE/OA for 
(b) 30 min, (c) 3h and (d) 4h (only the Co2C strongest lines are indexed). 
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Figure 5. TEM images of cobalt rods treated at 300 °C (a) for 3h in OA and (b) for 4h in a 
mixture ODE/OA.  
(a) 
(b) 
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 Figure 6 HRTEM image of a cobalt rod treated in an ODE/OA mixture at 300 °C for 3h. 
Numerical diffraction patterns of the two different zones as inset. 
 31 
40 45 50 55 60 65
(200)(111)
(200)
500°C
400°C
450°C
Co fcc
CoO
Co hcp
In
te
n
s
it
y
 (
a
. 
u
.)
2  K Co (°)
250°C
350°C
300°C
200°C
25°C
(a)
(111)
30 40 50 60 70 80
CoO
Co
Co
(220)(111) (200)
(440)(511)
(422)
(400)
(222)
(311)
250°C
350°C
300°C
200°CIn
te
n
si
ty
 (
a
rb
. 
u
n
its
)
2  K Co (°)
25°C
Co
3
O
4
CoO
Co hcp
(b)
(220)
Co
 
 32 
0 100 200 300 400
0
20
40
60
80
100
C
ry
s
ta
lli
te
 s
iz
e
 (
n
m
)
Annealing temperature (°C)
 Co (10-10)
 Co (0002)
 CoO (111)
(c)
 
 
Figure 7 In-situ X-ray diffraction patterns under N2 (O2 < 2 ppm) of (a) carbon coated Co 
nanorods and (b) non coated Co nanorods; (c) Variation of the L(10 1 0) and L(0002) mean 
crystallite sizes with increasing temperature of the carbon coated Co nanorods.  
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Figure 8 In situ X-ray diffraction patterns of carbon coated and partially carburized Co 
nanorods annealed under N2 (O2 < 0.1 ppm). 
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Figure 9 TEM image of carbon coated Co nanorods annealed at 400 °C under N2 (O2 < 0.1 
ppm) for 2h. 
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Figure 10. Room temperature magnetization curve of carbon coated Co nanorods (black) and 
of the same coated rods annealed at 400 °C under N2 (O2 < 0.1 ppm) for 2h (red). 
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Figure 11. Scheme of formation of a Co2C grain in a cobalt rod by intercalation of C atoms 
from the (1010) sides of the hcp Co. 
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